• Traditionally it has been taught that left ventricular pressure exceeds aortic pressure throughout the period of ventricular ejection. This concept is illustrated in the cardiac cycle diagram in Wigger's first edition of his textbook, Physiology in Health and Disease, and is repeated in most modern textbooks dealing with ventricular and arterial dynamics. Wiggers  1 and Hamilton,   2 working independently, measured the aortic pressure (AP) and left ventricular pressure (LVP) with rubber and metal membrane manometers of adequate sensitivity and frequency response. These two masters of the descriptive phase of physiology both used an optical arm for projecting the vascular pressures onto a moving light-sensitive paper. Their manometers were of different calibrations, making precise time-pressure comparisons of simultaneous recordings difficult. Although these two investigators agreed with the main shape of the aortic and ventricular pressure pulses, they speculated as to whether a systolic pressure gradient was present or essential. Wiggers stated that no pressure gradient could be measured. Hamilton felt that some gradient must necessarily be present in order to move the blood from the heart into the arteries.
The traditional concept is explained hydrodynamically bj r steady-state frictional (viscous or resistant) flow, which is expressed in practical pressure and flow terms by Green's peripheral resistance equation: Supported by grants from the American Heart, Association, North Carolina Heart Association, and by U. S. Public Health Service Grants H-4670 and H-3941.
Received for publication August 21, 1961. only with a positive pressure gradient (AP)-It was assumed that this principle applied equally well to flow in the aorta and in the arterioles.
The recent independent works of Peterson, 3 Womersley, 4 Spencer," McDonald," van der Tweel, 7 Fry, 8 and others demonstrate that properties of blood mass or inertiance (L) and vascular distensibility or compliance (C) are essential determinants of liemodynamics in the larger vascular channels under pulsatile flow conditions. In larger channels, where resistance is minimal, inertiance should be dominant. It has been demonstrated experimentally 5 "' 1 8l!) that the pressure gradient along the aorta is positrve in early systole but becomes uegative in late systole while the blood is flowing at a great positive velocity.
With these new considerations, and assuming that the heart A'alves cause no significant resistance, it would seem logical that A' entricular ejection dynamics should be primarily inertial in character. If forward flow occurs against a negative pressure gradient in the descending aorta, why not in the heart, during systole? If such is true, the traditional concept is in error and LVP only exceeds AP for a portion of early systole. To elucidate this point, the following experiments were performed.
Methods
Nine mongrel dogs (11 to 20 Kg.), anesthetized with Nembutal and morphine,* were intubated and respirations were maintained by n positive pressure respirator. Aortic arch pressure (AAP) was monitored via a carotid cannula attached to a Statham P23D strain gauge. The heart and great vessels were exposed through the third left interspace. By sharp and blunt dissection, the ascending aorta was freed from its attachments to surrounding tissue. The dis-
•Premedication: morphine sulphate, 4 mg./Kg., intramuscularly; induction: pentobarbital sodium, 20 mg./Kg., intravenously; maintenance: morphine sulphate, 0.6 mg./Kg./hr., intramuscularly, and pentobarbital sodium, 2.7 mg./Kg./hr., intramuscularly. section was carried as close to the aortic valve as safety permitted.
Pulsatile blood flow in the ascending aorta was measured by means of a magnetic probe and the square-wave electromagnetic flowmeter. 10 ' * The aortic circumference was measured to permit selection of a flow probe that would fit the vessel snugly. The probe lumenal circumference usually was 5 mm. less than the aortic circumference. LVP and AP were measured by means of one needle shaft (with bevel filed off) inserted through the myocardium into the left ventricle 1 to 2 mm. from the aortic valve, and a second (clip) needle inserted through the wall of the aorta between the flow probe and the aortic valve. These needle points, separated by 3 to 4 cm., were placed so that their orifices were parallel to the flow stream to avoid Pitot effects and were connected to matched Statham pressure transducers. Figure 1 illustrates the anatomy and placement of the pressure and flow detectors.
The procedure reported previously for the measurement of differential pressure 11 was modified as follows. Each pressure transducer was attached to a separate channel of an Offner Type R Dynograph.t The output of each pressure channel was then connected to a third channel in opposite polarity (AP) so that the resultant output (LVP minus AP) could be recorded. AP then represented the differential pressure across the aortic valve. 
Contours and time relationships of aortic pressure (A.P.) and left ventricular pressure (L.V.P.), and the ascending aorta flow. (Superimposed tracings.)
was increased 3.6 times that of the individual pressure channels so that the amplified details of AP could be observed. In addition to direct writing recordings on the Offner Dynograph, blood flow and pressures were recorded on a Hathaway S14E Photographic Oscillograph." The frequency response for each of the respective parameters as recorded on the photographic recorder were 0 to 70 c.p.s. for flow and 0 to 100 c.p.s. for pressure. After all surgical procedures were completed and the blood pressure and pulse rate had stabilized, the matched transducers (LVP and AP) were interconnected and calibrated simultaneously. Zero pressure for both gauges was referred to the same level. At the same time, the AP channel was finely tuned so that its zero (LVP = AP) was stable within 0.1 mm. Hg throughout the 50 to 150 nnn. Hg pressure range. AP zero was recheeked before each recording to insure stability.
After standardization, the dogs were hepnrinized to prevent clotting in the blood pressure needles, and simultaneous recordings of aortic blood flow, LVP, AP, and AP were monitored. Upon completion of each experiment, the distance between the pressure needle orifices was measured. The flowmeter was calibrated by the in vitro method previously described. 10 Cardiac output,
•Manufactured by Hathaway Instrument Company, 5800 E. Jewell Avenue, Denver Colorado. 
Results

FORM OF THE LEFT VENTRICULAR EJECTION CURVE
The general appearance of the time-course of normal left ventricular ejection is that of a sawtooth wave ( fig. 2) with the peak velocity occurring in early systole at a time corresponding approximately to the anacrotic shoulder of the pressure pulse in the aortic arch. Following an abrupt increase in velocity, the velocity of forward flow decreases gradually until closure of the aortic valve. Valve closure is attended by a sharp backflow wave corresponding to the incisura on the pressure pulse. The curve during diastole is usually flat at or near zero flow. Isometric contraction is attended by a small dip and rise immediately preceding the sharp rise of each ejection pulse. This flow dip and rise corresponds to a small oscillation on the pressure pulse, referred to as the "advance wave.''
PRESSURE GRADIENT DURING SYSTOLIC EJECTION
Except for a brief period during the systolic acceleration of blood, the pressure gradient across the aortic valve is negative (AP > LVP) throughout the cardiac cycle ( fig.  3) . 12 The positive pressure gradient (LVP > AP), also termed the acceleration transient of the AP curve, was found in all animals, lasted on the average 45 per cent of the ventricular ejection period and reached an average maximum of 9.8 ram.Hg. During the period of deceleration of ejected blood,
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the gradient is slightly, but continuous]}', negative. Upon closure of the valve, the gradient assumes the markedly negative values to be expected during ventricular relaxation. The finding of a reversed pressure gradient while blood is still flowing from the ventricle is the major observation of this study. Table 1 summarizes the pertinent data found in each of the nine experiments.
EVENTS ATTENDING THE CLOSURE OF THE AORTIC VALVE
At the moment the blood flow reverses in the ascending aorta, the pressure pulse begins its sharp drop into the "incisura" (figs. 2 and 3). The baekflow attendant to closure of the aortic valve reached a peak average velocity of -18.8 cm./sec. The baekflow volume is remarkably constant in the same animal over wide ranges of stroke volume and arterial pressure, and averaged 0.5 ml. in the nine dogs studied.
Discussion
On the average, ventricular pressure exceeds aortic pressure only for the initial 45 per cent of the systolic ejection phase. The aortic pressure exceeds ventricular pressure during the last 55 per cent of ventricular ejection while blood is still flowing through the open aortic valve. Such a finding seems paradoxical because we are accustomed to think in terms of steady-state frictional (viscous or resistant) flow. This concept is embodied in dimensional terms by Poiseuille's equation :
8 X viscosity X length r (1) or, in practical pressure and flow terms, by Green's peripheral resistance equation: _ pressure (cm.Hg) _ APn (9 , flow (ml./min.) F ' ^' It is now apparent in the larger blood channels, where flow is highly pulsatile and resistance as defined above is slight, that quite another concept dominates flow dynamics. Analysis must be made in the additional terms of compliance and in&rtiance. 0 Over the short segment considered here where axial flow is many times greater than radial flow, 
Relationship between pressure gradient (AP) and flow through the aortic valve. Simultaneous tracings from dog S. Ordinates refer to the tops of the tracing lines.
inertiance (L), or that property of mass that resists change in flow, is dominant, inertiance may be expressed as a function of the density of the blood (puioo<i)> * ln d length (Z) and radius (r) of the segment of blood vessel under consideration, as follows:
The gravitational constant is g. In flow and pressure terms, L may be described as the pressure difference across the blood mass (APiJ divided by the volumetric acceleration (dF/dt) : APi. L = (4) ciF/dt ' Inertiance is analogous to electrical inductance, and resistance to electrical resistance. The total opposition to flow, "impedance," is the sum of the opposition due to inertiance plus the opposition due to resistance.* This impedance concept is embodied in the Nauvier-Stokes equation, 8 which includes both
•Compliance, or its reciprocal "volume rigidity," is also present and is primarily concerned with radial flow. Compliance (C), may be defined as C = where A V equals the change in volume of A P o a given vascular segment, and A Pc equals the pressure across the wall of the same segment. From formula 7, one can see that the larger the vessel, the more dominant is the inertial term. From formula 6, the higher the velocity, the greater the resistance term.
If one applies these concepts to blood flow in an elastic pipe like the ascending aorta, the inertial component is expected to dominate flow dynamics, the total AP will be almost proportional to the acceleration. Acceleration should occur only with a positive pressure gradient and deceleration with a negative gradient independent of the direction of flow. Our demonstration, therefore, of a reverse pressure gradient during the final 55 per cent of the systolic ejection is but a manifestation of this concept of mass acceleration.
The fact that AP normally crosses zero slightly after the peak flow ( fig. 3 ) is explained by the presence of some slight resistance in the vessel segment between the pressure needles. Should the resistance component be increased as in aortic stenosis, the influence of the inertial component should become proportionately less, and a more prolonged positive pressure gradient would be anticipated. In figure 4 , illustrations of flow dynamics during progressive phases of experimental aortic stenosis (work in progress) confirm this hypothesis.
It should be noted that the sharp anacrotic transient of the ventricular pressure tracing ( fig. 2) , although somewhat atypical, is not essential for the proof of the operation of the mass acceleration concept. All simultaneous LVP and AP tracings demonstrate the LVP upstroke to lead in time the AP upstroke. This phase difference is sufficient to cause the acceleration transient of the AP recordings. Furthermore, any constriction of the aorta by the magnetic probe is not sufficient to give rise to any possible artifact of significance here as the acceleration transient with reverse gradient during systolic ejection was routinely observed to be unchanged in instances when the probe was removed from the aorta. Any possibility that the acceleration transient arose from dynamic imbalance of the gauges was eliminated by reversing their positions without change in the findings and also by pulsing both simultaneously with concurrent pressure oscillations greater in frequency and amplitude than the normal pulse pressure, all without significant AP deflection.
Summary
Left ventricular ejection in open-chest, anesthetized dogs begins with an abrupt acceleration of blood into the ascending aorta, reaching an average maximum of 4,650 cm./ sec./sec. Velocity reaches a sharp peak of 88 cm ./sec. (average) within the first onethird to one-half of the ejection period. Deceleration is more gradual and continues to the closure of the aortic valve. The general pattern of the time-course recording is that of a triangle with its peak skewed into early systole and separated from a flat diastolic period of zero flow by a deep notch of backflow attending closure of the aortic valve. Ventricular pressure exceeds aortic pressure only during the brief period between the opening of the valve and peak systolic velocity, a period of approximately 45 per cent of the ejection period. This "positive" (headward) gradient represents the acceleration transient and explains the sharp rise in flow to a maximum in early systole. During the deceleration (terminal) phase of ventricular ejection, the pressure gradient is against the direction of flow. This reversal in pressure gradient brings about a gradual deceleration of flow to zero. These findings are considered experimental proof that the major phenomenon relating pressure and flow in the ascending aorta is that governing mass acceleration.
